Introduction 33
The utilization of mixed cultures in food fermentation is preferred over single culture since it 34 offers benefits such as improved flavor production and aroma complexity (Narvhus & were transferred into MRS broth containing 7% (w/v) NaCl followed by incubation for 36 h in 117 37 °C static incubator. Final cell concentration was adjusted to 10 6 cells/mL. Z. rouxii was 118 maintained on YM agar with 5% (w/v) NaCl and incubated at 30 °C. Z. rouxii cells were 119 transferred into YM broth containing 5% (w/v) NaCl and incubated at 30 C for 24 h with 120 agitation (150 rpm). Cells (10 7 cells/mL) were harvested and washed by centrifuging at 10000 121 g for 15 min. In order to test the effect of initial cell concentration on emulsion stability, cell 122 concentrations were adjusted to 10 8 cells/mL and 10 6 cells/mL. 123
DE preparation 124
The DEs were prepared using the 2-step emulsification method at ambient temperature by 125 using a high shear mixer (Silverson L5M). In the first step, W1/O primary emulsion was 126 prepared by mixing sterile 10% (w/v) NaCl solution into the oil phase (soybean oil with 2% wt 127 PGPR) at W1 : oil phase ratio of 20 : 80 at 1700 rpm for 2 min. For yeast encapsulation, Z. 128 rouxii suspensions in 10% (w/v) NaCl solution (10 8 cells/mL and 10 6 cells/mL) were used as 129
W1. 130
In the second stage, W1/O was re-emulsified in the continuous phase (W2; sterile 10% (w/v) 131 NaCl in water with 1 % wt Tween80) at 2000 rpm for 1 min (W1/O : W2 ratio of 20 : 80). In 132 order to study the effect of glucose on the stability of DE and Z. rouxii release profile, various 133 concentrations of glucose (0%, 6%, 12%, and 30% w/v) were added to the W2 in addition to 134 8.05% (w/v) NaCl (Table 1 ). The osmotic pressure gradient was calculated using Van' 
t Hoff 135 equation as follows: 136
Δπ = (Ci-Ce) RT (1) 137 (10 6 cells/mL) into the W2 after mixing process. For the study that investigates the effects of 141 DE on T. halophillus and Z. rouxii interaction, both microorganisms in DE or as free cells (as 142 a single or mixed cultures) were transferred into double concentrated TSB supplemented with 143 10% w/v NaCl and 12% w/v glucose. T. halophillus and Z. rouxii were inoculated at final 144 concentrations of 10 6 CFU/mL and 10 5 CFU/mL, respectively, followed by incubation in 30 145 C static incubator for 30 days. 146
DE stability characterization 147
Oil globule size measurement: The volume mean diameter (D 4,3) and particle size 148 distribution of the DE were determined using Mastersizer 2000 (Malvern Instruments Ltd., 149
Malvern, Worcestershire, UK) equipped with a He-Ne laser ( = 633 nm). The analysis was 150 done for the freshly prepared DE and as a function of storage time. The dispersion unit stirring 151 speed was maintained at 2000 rpm and the measurement range was 0.02-2000 m. The 152 refractive index for the soybean oil and water were set at 1.474 and 1.330, respectively. The 153 measurement was run at concentrations corresponding to obscuration of 10-20%. 154
Creaming volume measurement: The cream volume of DEs after preparation and during 155 storage were monitored as described by El Kadri et al. (2015) . Briefly, after gentle mixing, 1 156 mL sample was collected using 1 mL syringe and left standing upright for 1 h until the cream 157 layer is formed on the top. The creaming volume percentage was calculated as follows: 158
Creaming volume (%) = (Creaming layer volume/Total volume of DE) x 100%
(2) 159 microscope slides followed by observation under a light microscope (Olympus BX50) with a 161 10x objective lens. Images were taken using Moticam 10 camera via Motic Images Plus video 162 acquisition software at 17fps. 163
In order to track the entrapped cells during storage, Z. rouxii cells were stained with AO before 164 the entrapment process. Samples were placed onto microscope slides and gently covered with 165 cover slips and imaged using Zeiss Axioplan fluorescent microscope equipped with objective 166 lens 40x magnification at ambient temperature. Images were captured using digital colour 167 camera system Motic Moticam 10 using a 10 megapixel CMOC camera via Motic Images Plus 168 video acquisition software. 169
Determination of the encapsulation efficiency and encapsulation stability of DEs 170
The encapsulation characteristics of DEs in this study are described as encapsulation efficiency 171 and encapsulation stability. Encapsulation efficiency is defined as the percentage of Z. rouxii 172 cells that are entrapped in the W1 immediately after the emulsification process while 173 encapsulation stability is described as the percentage of Z. rouxii cell that remains entrapped 174 in the W1 during storage. 175
The encapsulation efficiency and encapsulation stability were determined by counting the 176 number of the non-encapsulated Z. rouxii cells in the serum phase (W2). Five millilitre sample 177 of DEs was collected and serum phase was removed using syringe. Cells were counted using 178 Nageotte cell counting chamber under optical microscope (20x magnification). Cell 179 concentration (cell/mL) was calculated using this following formula: and 30%) in the external W2 phase, which created osmotic pressure gradient between W1 and 250 W2 phase, except for 12% which was designed to have balanced osmotic pressure (Table 1) . 251 of other nutrients was tested and the viable cells decreased by 2.53 log CFU/mL after 7 days 253 of incubation (data not shown). This aimed to ensure that the quantified cells during the release 254 study were solely due to release from the W1 to W2 phase and not the result of microbial growth. 255
The release profile was found to be influenced by the amount of glucose in the W2 phase 256 (Figure 3b ) and it followed a similar pattern to the loss in the W1 phase (Figure 3a) , by which 257 the complete loss in the W1 phase was observed when maximum cell release occurred. 258
However, the DE instability and cell release rate were found to be driven by increasing amount 259 of glucose, rather than the osmotic pressure difference between the two phases. In the presence 260 of 30% glucose ( = -24.84 atm), the DE was transformed into O/W single emulsion due to 261 complete loss of the inner W1 phase within 3 days, accompanied with a sharp increase in the 262 number of released cells which was followed by a plateau thereafter. Meanwhile, the release 263 of Z. rouxii cells in 6% glucose was gradual throughout storage and took place in a manner 264 comparable to control (0% glucose). The destabilization of DE containing 0% and 6% glucose 265 was reduced as the oil globules maintaining their inner W1 phase were still noticeable by the 266 end of storage. Although DE with 12% glucose was designed to be osmotically balanced ( 267 = 0 atm), the DE microstructure was found to be more unstable compared to DEs with 0% ( 268 = 16.54 atm) and 6% glucose ( = 8.28 atm) as it was transformed into O/W single emulsion 269 by the end of storage. This also resulted in higher amount of cell release compared to DEs with 270 0% and 6% glucose. These results suggest that the faster release of Z. rouxii was associated 271 with increased destabilization of the DE. 272
The phenomena observed in this study are in contrast to the previous studies reporting the effect conditions during the two-step homogenizing process was maintained for all the formulations. 296 This is expected as the addition of glucose increases the viscosity of the W2 phase which leads 297 to smaller oil globules to form (Khalid, Kobayashi, Neves, Uemura, & Nakajima, 2013). 298
Furthermore, it has been reported that glucose can further reduce the interfacial tension which 299 also contributes to the observed reduction in oil globule size (Pawlik et al., 2010). Decrease in 300 size of oil globule during storage occurred in cases of 0%, 6%, and 12% glucose although these 301 responses were not statistically significant (p<0.05) (Figure 4a ). In contrast, DE containing 302 30% glucose showed significant (P<0.05) increase in oil globule size at day 3 which then 303 stabilized until the end of storage period, although the oil globules lost their inner W1. This can 304 be attributed to the increase in coalescence events between the oil globules as it becomes less 305 stable in the presence of glucose. These results show that the stability of DE and release of Z. thus minimizing antagonistic interaction between them. Also, the oil layer could serve as a 361 selective membrane, allowing chemicals or molecules to diffuse in or out based on their 362 molecular weight (Zhang et al., 2013) . In this study, deleterious metabolite compounds 363 produced by Z. rouxii, might not be able to pass through the oil layer to the bulk medium (W2 364 phase) due to its molecular weight, thus minimizing its harmful effects toward T. halophilus. 365
The ability of DE to gradually release the Z. rouxii into the bulk medium might also prevent 366 detrimental effects toward T. halophilus. However, high Z. rouxii cell population was observed 367 in the bulk medium due to their propagation after being released and yet the inhibitory effect 368 towards T. halophilus was absent. T. halophilus might have exhibited physiological changes in 369 the presence of DE, increasing its tolerance against inhibitory effect of Z. rouxii. 370
Physicochemical changes in DE during T. halophilus and Z. rouxii growth 371
To further understand how the presence of DE with single or mixed cultures can affect the 372 interaction between the two microorganisms the physicochemical changes during fermentation 373 were monitored. As seen in Figures 7a-d , the presence of DE caused alteration in the metabolic 374 activity of both microorganisms as a single or mixed cultures. 375
Glucose consumption (Figure 7a ) correlated with ethanol production (Figure 7b) . Glucose was 376 exclusively consumed by Z. rouxii, therefore, ethanol was only produced in its presence. Both 377 glucose consumption and ethanol production were accelerated when Z. rouxii was 378 encapsulated. With mixed cultures, glucose was consumed in a gradual manner in the absence 379 of DE which was accompanied by a slow production of ethanol, reaching maximum 380 concentration of 12.39 g/L at day 30. In contrast, glucose was consumed faster in DE as it was 381 depleted at day 10, associated with maximum ethanol production (27.94 g/L) which was 382 comparable to concentrations in good quality soy sauce (Luh, 1995) . Similar level of ethanol 383 was also obtained in rapid fermentation of soy sauce described by Muramatsu, Sano, Uzuka, 384 & Company (1993). Once glucose was depleted, the ethanol production was terminated and its 385 concentration continuously decreased throughout the incubation period. Encapsulation seemed 386 to delay glucose consumption by Z. rouxii as only half amount of glucose was consumed during 387 the first 5 days when Z. rouxii was encapsulated. However, this led to prolonged ethanol 388 production for up to 10 days, producing higher maximum concentration of ethanol (23.56 g/L) 389 compared to non-encapsulated cells (19.57 g/L) with single culture. 390
T. halophilus played a major role in both acetic acid (Figure 7c ) and lactic acid (Figure 7d ) 391 formation. In mixed culture, acetic acid concentration gradually decreased when Z. rouxii was 392 non-encapsulated, while the acetic acid concentration sharply decreased within the first 10 days 393 to 1.86 g/L when Z. rouxii was encapsulated. This was comparable to the amount of acetic acid 394 found in top-graded bottled soy sauces in China (Xu, 1990) . However, the acetic acid 395 production by T. halophilus as single culture markedly increased by 1.7 fold in the presence of 396 DE although T. halophilus was non-encapsulated. In contrast, lactic acid production was 397 suppressed when DE was present, as the amount of lactic acid remained stable from day 5 398 onwards, and the suppression was more obvious in mixed cultures. The yield of lactic acid in 399 the presence of DE was about half of the bottled soy sauces in China (Xu, 1990) 
